ABSTRACT This is a response to two critical comments on our 2014 paper in the IEEE Access. That paper reviewed numerical dosimetry/modeling studies on the exposure [in terms of specific absorption rate (SAR)] to the user of a mobile phone to radiofrequency energy, and possible differences in exposure to children versus adults. The main focus was on the peak spatial average SAR (psSAR) in the head, which is the relevant quantity for assessing compliance with national and international exposure limits for mobile phones. Morris et al. criticized this paper for not accurately presenting the conclusions of the studies that it reviewed, despite the fact that these conclusions were summarized in this paper by quoting the original authors. However, their critique reflects a simple misreading of our paper and confusion about different metrics of exposure. A second critique, by Gandhi, noted age-and gender-related differences in the absorption of RF energy in the head. We agree with his comments, if they are interpreted as referring to the psSAR in the brain (which is different from the psSAR for the head as a whole and is not used for compliance assessment). This response briefly reviews major factors that limit the relevance of numerical dosimetry/modeling studies under tightly controlled conditions used for compliance assessment to real-world exposures to users of mobile phones.
I. INTRODUCTION
We respond to a critique by Morris et al. [1] of our 2014 article in IEEE Access [2] . The critique is offensive in tone, and ranges as far afield as (incorrect) statements about rules concerning sales of mobile phones to children in Belgium. That critique, which we only became aware of recently, has resulted in allegations that we misrepresented the papers we reviewed and has attracted media attention. We also respond to a separate critique by Gandhi [3] of our paper.
Our response, in brief, is that Morris et al. have simply misread our paper. Their critique has almost no bearing on what we wrote in [2] .
Morris et al. state in their introduction: ''Foster and Chou argue that children have the same exposure to the brain as adults, and face equal risks, based on their review of studies comparing the intracranial dose rates of absorbed RF-EMR in adults and children.''
That was not our argument, and ''risk'' does not appear at all in [2] (apart from a single instance in the biographical sketch of one of the authors). There are so many ways to quantify an individual's exposure to radiofrequency (RF) energy from use of a cell phone, some of which depend on age or head size, that an unqualified statement of that sort is too ambiguous to debate in any event.
Our paper [2] was a narrative review of numerical modeling studies related to exposure to the head from use of a mobile phone (also called cell phone by various authors), with focus on one quantity, the peak spatially averaged SAR in the head (psSAR (head)), which is the relevant dosimetric quantity for assessing compliance of a handset with U.S. and other exposure limits. The psSAR (head) is defined as the maximum value of the Specific Absorption Rate (SAR) averaged over a 1 or 10 g mass of tissue in the shape of a cube anywhere in the head. Because the SAR pattern falls off quickly with distance from the antenna, that cube is invariably located near the surface of the head in the vicinity of the antenna.
The paper included a figure with ratios of the psSAR (head) for child vs. adult heads as reported in a number of studies over the years, and a lengthy table that quoted the major conclusions of the various authors regarding age-dependence of exposure. Those quotes mentioned a variety of exposure metrics, some of which clearly depend on the size of the head and consequently age of an individual.
The psSAR for the head is numerically and conceptually different from the psSAR for the brain. The latter quantity may have interest for scientific purposes but it is not used in compliance assessment and was not included in our Figure. Because of the surface of the brain is located farther from the antenna than the surface of the head, the psSAR for the brain is always smaller than that for the head as a whole by an amount that varies with head size and morphology.
That Figure is ' Morris et al. do not define ''peak tissue dose rate''. It is not a term of art in numerical dosimetry, it is previously unknown to us, and it is not used in any of the papers we cited. From the context of their discussion it appears to refer to a variety of exposure metrics mentioned in the text summaries in our table, many of which are unequivocally size-or age-dependent.
''There are only two possible alternative explanations for this systematic discrepancy'' between their analysis and our Figure in The Figure in [2] summarized representative values for psSAR (head), among many results that were reported in the various studies we reviewed; we did not attempt to include all of the many results from the various studies. To provide a fuller characterization of these results we abstracted all 1-g psSAR values (head) for the child and adult models at frequencies of 850-900 MHz from the papers. We also FIGURE 1. Summary of 1-g psSAR values for the head as reported by studies from 1994 to the present, comparing ratios for child vs. adult head models. The plotted points include results from child (3 and older) and adults, and in some cases different points represent results of multiple calculations on the same models. In a few of the later studies, the authors calculated exposure in both image-based models of the heads of children, and models derived from adult head models by scaling. In those cases, only results from image-based models are included. abstracted all 1-g psSAR for the brain from the relatively fewer studies that reported such results. (A full set of comparisons would also include 10-g psSAR for the head and brain, for the different frequency ranges used by cell phones). Results are shown in Figs. 1 and 2 . Fig. 1 is based on essentially the same papers that we reviewed in [2] , but limited to one frequency band and psSAR for the head for only one averaging mass. We excluded one paper because the authors used a noncomparable definition of 1-g psSAR. We added one paper that we had previously overlooked, and moved one paper to Fig 2 due to incorrect attribution in [2] . Where authors considered multiple imagebased models of the child's head we chose results from models derived directly from images of children's heads (as opposed to scaled models of the adult head). When multiple image-based models were studied for adults' heads, we chose an average psSAR for calculating the exposure ratios. The rubric ''child'' in Figs 1 and 2 was the designation by the original authors, and is used without reference to age or similitude of a model to an actual child's head (both of which varied widely). The multiple entries for each study reflect alternate calculations exploring variations in methodology or exposure scenarios, and do not represent statistically independent observations. By contrast, Fig. 2 shows a consistent increase in 1-g psSAR (brain) in child vs. adult head models across the whole range of models regardless of similitude to the human head. This is chiefly a size effect: in the smaller head models, the surface of the brain (and consequently the 1-g or 10-g tissue mass in the brain with the highest SAR) will be located a few mm closer to the antenna than in larger head models. This will increase the psSAR for the brain relative to the larger head models, without necessarily affecting the psSAR for the head as a whole. There is no controversy about that fact.
Remarkably, two months after publication of [1] , one coauthor of that paper appeared as coauthor of another paper (Fernández-Rodríguez et al. [4] ) that concluded:
'
'If the peak spatial SAR (psSAR) is modeled in the entire head, as current testing standards recommend, the results for adults and children are equivalent. Our anatomically based evaluations rely on FDTD simulations of different tissues within the brain and confirm that the psSAR in a child's brain is higher than in an adult's brain''.
Those were our points exactly. One of the authors of [1] evidently agrees with us.
Fernández-Rodríguez et al. [4] used image-based models of child and adult heads, and a reasonable (but not exact) model of a cellphone antenna. Their results, normalized to the respective results from the specific anthropomorphic mannequin (SAM, a ''phantom'' model for the adult head that is presently used in the internationally accepted method for compliance assessments of handsets), are summarized in Table 1 .
The results in Table 1 show that the psSARs for the head do not vary noticeably with age, and in fact appear to decrease a bit in the youngest child models. In other words, the total amount of power deposited in the 1-g or 10-g averaging masses in the head with the peak SAR averaged over that mass (which is the relevant quantity for compliance assessment) showed little dependence on age. The psSARs for the brain are always below the psSARs for the head. This difference is smaller for the younger child models (ages 3, 5, 6) than for older children or adults, due to the size effect discussed above. Table 1 also shows a somewhat higher psSAR (brain) in the adult female vs. male head models. However, the ''n'' (number of different models, each specific to a particular individual) is very tiny. These results cannot be generalized to the human population but presumably similar trends would be present in a statistically valid sample.
More significantly, all of the SAR values in Table 1 are below those for SAM, showing the conservative nature of SAM for compliance assessment. This has been confirmed by detailed computational studies by Kainz et al. [5] , Beard et al. [6] , Monebhurrun [7] , Hadjem et al. [8] and Keshvari et al. [9] , and experimentally by Gosselin et al. [10] .
Morris et al.
[1] dismiss our conclusion that ''simple generalizations found on the Internet about 'kids absorbing more RF energy than adults from cell phones' aren't supported by available dosimetry studies.'' As related to the actual exposure of kids vs. adults under real world conditions (as laypeople are likely to interpret it) the statement is correct and important.
Reasons include: 1. Modeling issues. A cell phone used near the head presents a difficult near-field exposure problem that is extremely sensitive to small variations in methodology. Changing the position of the handset a millimeter or so relative to the head can result in variations in SAR of >10% or more. It is unlikely that an actual user of a cell phone will position the handset exactly as assumed for modeling purposes, or that children and adults will position the handset in exactly the same way. Very precise control of simulation conditions must be maintained to achieve reproducible results needed for compliance assessment, but this reduces the relevance of the simulations for real-world exposures.
2. Morphological and anatomical variability. Adibzadeh et al. [11] compared exposures in 20 adult head models obtained from MRI images, using a standardized handset model. Variations in head morphology in these adult head models led to 4 dB (a factor of 2.5) variations in 10-g psSAR values. Those authors also noted that age-related changes in dielectric properties of tissue contributed 1.5 dB variation (a factor of 1.4) and pinna compression (2 dB or [4] ; missing values not reported in [4] ). All results normalized to respective values for SAM (an adult head model). Names are designations of image-based models, each specific to a particular individual. a factor of 1.6). The maximum variations were as large as 16.8 dB (factor of 48) in particular locations within the head (although the SAR levels at those locations were far below peak SAR levels which are found near the surface of the head).
3. Variations in power output of a handset. Recent extensive surveys on handsets using newer technologies report that mean transmitted powers of handsets (which are controlled by the network through adaptive power control) are up to two to three orders of magnitude below their maximum levels that are assumed in compliance assessments [12] - [16] . The RF exposure to an adult and a child standing next to each other, using identical-appearing handsets of the same model but using different access technologies and different telephone providers can differ by orders of magnitude due to network effects.
Gandhi [3] raises different issues. He states that ''. . . the main reason for higher exposure of children (also women and men with smaller heads and likely thinner pinnae) to radiofrequency energy from mobile phones is the closer placement of the cell phone radiation source by several millimeters to the tissues of the head, e.g., the brain. ' ' Gandhi has been voicing similar concerns for many years, mostly in connection with his view that SAM underestimates exposure. His focus on methodology for compliance assessment is also evident in [3] . However, the studies we cited above and in [2] (which Gandhi does not dispute) clearly undercut his position, at least with regard to the conservative nature of SAM for estimating psSAR (head) for compliance assessment.
By contrast, considerable evidence supports Gandhi's points as they apply to the psSAR for the brain. For example, Table 1 shows age and gender related differences across models that are in the direction that would be expected based on Gandhi's arguments. But that metric is not used in current exposure limits and any age-or gender-related differences in psSAR (brain) are far overshadowed by the highly variable exposure to RF energy that an individual receives from actual use of a mobile phone.
